Abstract. Sea level rise associated with changing climate is expected to pose a major challenge for societies. Here, we estimate the future contribution of the Greenland ice sheet (GrIS) to sea level change in terms of different ice sheet atmospheric forcings arising from three general circulation models (GCMs), HadGEM2-ES, IPSL-CM5A-LR and MIROC5, for RCP2.6. We run the ice sheet model ISSM with higher order approximation and use a spin-up/inversion scheme to estimate the present day state.
Introduction
Within the past decade the Greenland ice sheet (GrIS) has contributed in the past decade by about 20% to sea level rise (Rietbroek et al., 2016) . The mass loss of GrIS comprises two main contributions: acceleration of outlet glaciers and changes 20 in the surface mass balance. In the past decades these changes in surface mass balance contributed to about 60%, whereas 40% is attributed to increasing discharge (van den Broeke et al., 2016) . Obviously the question arises which impact the GrIS Beside the balance equations, ISSM is specified with kinematic boundary conditions at the upper and lower boundary of the ice sheet. The upper boundary incorporates the surface mass balance and with that the climatic forcing, while the base of the ice is specified as both impenetrable with the bedrock and in balance with the rate of melting. Within this study the basal melt rate is not a focus and hence we neither perform sensitivity tests to sliding nor change the basal melt underneath floating tongues or vertical calving fronts of tidewater glaciers. The basal melt rate below ice shelves is parameterised with a Beckmann-Goosse 5 relationship (Beckmann and Goosse, 2003) . The unknow melt-factor is roughly tuned such that melting rates corresponds to literature values (e.g. Wilson et al., 2017) . At the grounded ice melting occurs due to basal frictional heating and the difference in heat flux at the ice/bed interface.
At the ice base sliding is allowed everywhere and the basal drag, τ b , is written using Coulomb friction: the densities for ice and sea water, respectively. We apply water pressure at marine terminating glaciers and observed surface velocities (Rignot and Mouginot, 2012) at land terminating glaciers. A stress-free boundary condition is imposed at the ice/air interface.
Geothermal heat flows into the ice in contact with bedrock (Greve, 2005, scenario hf_pmod2 ) and adjust dynamically to 15 the thermal state of the base (Aschwanden et al., 2012; Kleiner et al., 2015) . The ice surface temperature includes Dirichlet conditions from the atmospheric forcing explained below.
For all simulations, the ice front is fixed in time, and a minimum ice thickness of 10 m is applied. This implies that calving exactly compensate the outflow through the margins and initially glaciated points are not allowed to become ice-free. However, regions that reach this minimum thickness are assumed to retreat. The grounding line is allowed to evolve freely according to 20 the sub-grid parameterization, which tracks the grounding line position within the element (Seroussi et al., 2014) .
Model calculations are performed on a horizontally unstructured grid with a higher resolution, l min , in fast flow regions and coarser resolution, l max in the interior. The vertical discretisation comprises 15 layers refined towards the base where sharing is dominat. See Table 1 for statistics of the different meshes used. Note that mesh sequence 1-3 are only used during initialization while mesh sequence 4 is used for both initialization and the projections presented below. Velocity, enthalpy and geometry 25 fields are computed on each vertex of the mesh using piecewise-linear finite elements. The Courant-Friedrichs-Lewy condition (Courant et al., 1928) dictates a time step of 0.025 years for mesh sequence 4. Using the AWI cluster Cray-CS 400 computer, a simulation with an integration time of 340 years requires ≈ 8 hours on 16 nodes comprised of 36 CPUs.
Initial state
Future projections of ice sheet evolution first require the determination of the initial state. Different methods are currently 30 used to initialize ice sheets and it has been shown, that the initial state is crucial for projections of ice dynamics (Bindschadler et al., 2013; Nowicki et al., 2013; Goelzer et al., 2017) . The recent initMIP-GrIS intercomparison effort (Goelzer et al., 2017) focusses on the different initialization techniques applied in the ice flow modelling community and found none of them is the method of choice in terms of a good match to observations or a long term continuity. All methods are suitable for modelling the projections of the GrIS planned within CMIP6 (Nowicki et al., 2016) phase on time scales up to a few hundred years. However, while inverse modelling is well established for estimating basal properties, the temperature field is difficult to constrain without performing an interglacial spin-up. Furthermore, the thermo-mechanically coupled problem is sensitive to temperature.
In our initialization approach the ice sheet geometry is initialized over 50 years using zero sliding and constant temperature to 5 avoid spurious noise. The temperature spin-up is then performed using this time-invariant geometry forced with paleo climatic conditions starting 125 kyr before present and up to the year 1960. During the subsequent basal-friction inversion, the ice rheology is kept constant using the enthalpy field from the end of the temperature spin-up. As the computational expensive higer-order approximation to Stokes flow is employed, mesh refinements are made during the whole initialization procedure (see Table 1 ). Each mesh sequence spin-up is run for ≈ 125 kyr, 125 kyr, 25 kyr and 15 kyr, respectively, and updated with the basal-friction coefficient from the previous mesh sequence. The mesh sequencing reduces the expense of initialization and produces a sufficiently consistent result in terms of velocity and enthalpy. The final solution on mesh sequence 4 at year 1960 of this procedure is used as initial state for all projections presented below.
Please note, that similar results from this procedure have been submitted to the ISMIP6 initMIP-Greenland effort (Goelzer et al., 2017) , but the simulations were run with the geothermal flux distribution by Shapiro and Ritzwoller (2004) and addition-
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ally with a time independent climate forcing representing present-day conditions. However, by using the modified heat-flux distribution by Greve (2005) we found a generally better agreement to measured basal temperatures at ice core locations (Table 2) .
Input data
The present-day ice sheet geometry is taken from the mass-conserving bed from BedMachine Greenland (Morlighem et al., 20 2014). Observed horizontal surface velocities (Rignot and Mouginot, 2012) are assimilated to infer the basal friction coefficient.
While the geothermal flux distribution is taken from Greve (2005, scenario hf_pmod2), the present day surface temperature based on the RACMO2 product (Ettema et al., 2009 ) and the surface temperature anomaly for the last 125 kyr is based on the GRIP surface temperature, T s , history derived from the ∆ 18 O record (Dansgaard et al., 1993) . Present day surface temperature 
Camp Century (2003) and paleo surface temperature anomaly are taken from the SeaRISE webpage 1 . Input data for the surface mass balance is described in the next section.
Atmospheric forcing
As described above, we aim at using respective output fields (consisting of incoming shortwave radiation SW ↓ , longwave radiation LW ↓ , near-surface air temperature T a , surface wind speed u s , near-surface specific humidity q a , surface air pressure 5 p s , snowfall rate P s , and rainfall rate P r ) of different GCMs to derive from global models the respective surface temperature T s , of the ice sheet and the surface mass balance SMB, as GCMs typically do not provide these ice sheet specific quantities.
The GCM output was provided and prepared by the ISIMIP2b project following a strict simulation protocol. Here we targeted in particular peak and decline scenarios, temporarily exceeding a given temperature limit of global warming to 2.0
• C or even 1.5
• C by the end of 2100 (Frieler et al., 2016) . Three different GCMs were used in our study: IPSL-CM5A-LR, MIROC5
10 and HadGEM2-ES. Figure 1a displays the temporal evolution of the annual global mean near-surface temperature T a , for those GCMs for the historical simulation up to 2005 continued with the RCP2.6 simulation up to 2300. In order to determine the beginning of overshoot and the onset of cooling we extract characteristic dates in global warming and warming above GrIS. HadGEM2-ES produces a global temperature rise of more than 1.5
• C by 2021; MIROC5 reaches this level by 2028, while IPSL-CM5A-LR by 2009. IPSL-CM5A-LR is the only GCM that represents any cooling below that limit by 2300, 15 while MIROC5 oscillates around the limit from the 2090s onward. HadGEM2-ES is approaching 1.5
• C towards 2170, while remaining slightly above the limit until 2300.
The enhanced increase in global mean air temperature over polar areas has been termed polar amplification. The factor between temperature increase over Greenland compared to the global temperature increase might be as high as 1.8 to 3.3 (IPCC, 2013 the effect of the polar amplification ( Fig. 1b and 2) . Tedesco et al. (2016) demonstrated that this may have consequences on surface melt and run-off in extreme melt years. The three GCMs used in this study represent this trend to differing extents.
While HadGEM2-ES and IPSL-CM5A-LR are leading by relatively similar factors (warming up to 5
• C relative to 1661-1860),
MIROC5 reveals a considerably lower polar amplification (up to 3
• C relative to 1661-1860). HadGEM2-ES and MIROC5 exhibit a warming of 1.5
• C by 2005, while IPSL-CM5A-LR is also crossing the limit as early as 1995. Both HadGEM2-
5
ES and IPSL-CM5A-LR show no decades until 2300 when the annual mean near-surface air temperature of GrIS is falling below 1.5
• C warming relative to 1661-1860, whereas MIROC5 is reaching this value by 2110. A striking feature is the higher variability compared to the global mean values.
Summarizing, in terms of global annual mean near-surface temperature evolution MIROC5 represents the lower bound of our global forcings and IPSL-CM5A-LR represents the upper bound. As the mechanisms creating the polar amplification may 10 be represented to different levels in the GCMs, this trend might be different across the GrIS. While MIROC5 is also across the GrIS the lower bound, highest near-surface temperatures are found for HadGEM2-ES. In terms of overshooting scenarios, HadGEM2-ES represents this behaviour best for overshooting 1.5
• C, while IPSL-CM5A-LR rather represents an overshooting of 2
• C for about 160 years from 2040 onwards.
To derive ice sheet specific quantities, we use the Surface Energy balance Model of Intermediate Complexity (SEMIC) as 15 developed and applied to the GrIS by Krapp et al. (2017) . These authors perform a particle-swarm optimization to calibrate model parameters and validate them against the regional climate model MAR. Due to the fact that Krapp et al. (2017) performed calibration over the GrIS, we adopt the parameters presented in their analysis here. However, we choose a more sophisticated albedo parameterization than was described by Krapp et al. (2017) that is dependent on the actual melt rate (Denby and Greuell, 2000) . This reflects the alteration of snow-surface properties by metamorphosis of the snow as function of air temperature.
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SEMIC is driven by the daily input of the GCMs while the output is a cumulative surface mass balance and a mean surface temperature over each year.
Since the GCM and the ISSM are run on a different resolution, a downscaling procedure is applied to the atmospheric forcing fields. First the atmospheric fields are conservatively interpolated from the GCM grid onto a regular high resolution 0.05
We run the SEMIC model on a regular high resolution 0.05
• grid, but the output fields are subsequently conservatively 25 interpolated on the unstructured ISSM grid.
To account for the difference in ice sheet surface topography between GCMs and ISSM, we initially perform corrections for several quantities denoted by (·) cor , while the variables are named according to the SEMIC convention. We basically following the suggested corrections by Vizcaíno et al. (2010) (·)
30 with the lapse rates γ (·) shown in Table 3 and h ISSM−pd s the present-day surface elevation. The surface pressure is not corrected.
Subsequently, SEMIC computes the ice-surface temperature T s and the surface mass balance SMB based on these corrected input values. Furthermore, we apply a dynamic correction to the SMB (SMB dyn ) in which we account for the effect of the Vizcaíno et al. (2010) elevation change during the simulations (see below). This correction is applied within ISSM and to the surface mass balance term only.
Atmospheric forcing of future scenarios
The output fields (SMB and T s ) from the SEMIC model are not directly used to force the ISSM. Although the initial state of the ISSM matches the current observations (both ice sheet geometry and surface velocities) very well and the unknown parameters 5 are well constrained due to the data assimilation, usually a fixed initial ice sheet causes a model drift when imposing the ice thickness equation. This is a result from using an ice sheet that is not in perfect equilibrium with the applied SMB and ice flux divergence.
The fixed ice sheet approach during the initialization makes it possible to use forcing data from high resolution climate models that were run on the same ice sheet mask. As a reference SMB field we relied on the downscaled RACMO2.3 product 10 (Noël et al., 2016) whereby a model output was averaged for the time period 1960 -1990 , denoted SMB(1960 − 1990 RACMO .
When using the SMB fields from SEMIC directly, the model drift is much larger compared to using RACMO2.3 SMB (not shown here).
An initial unforced relaxation run from 1960 to 2060 demonstrate the effect of model drift (black line in Fig. 7 ). Once the ice sheet is released from its fixed topography, it gains of about 3% of its initial volume, which is typical for ice sheet models 15 that are based on data assimilation. We utilize the local ice thickness imbalance from the relaxation run and add the resulting ∂H/∂t as a surface mass balance correction, SMB corr (x, y, t), for the further runs. In doing so, the subsequently performed control run with the imposed correction shows, that the model drift could be reduced by a factor about 0.6 at 2060 (grey line in Fig. 7 ).
In order to account for the future climate forcing we calculate anomalies from the SEMIC output that were added on the 20 reference SMB field and SMB correction field. The SMB that is used as future climate forcing read as SMB(x, y, t) = SMB (1960−1990 ) RACMO (x, y) + ∆SMB(x, y, t) + SMB corr (x, y, t), 
Dynamic surface mass balance parameterization
The GCM data from the ISIMIP2b simulation protocol were bias corrected onto the regular 0.5
• EWEMBI grid (Frieler et al., 2016) , where the surface elevation of the ice sheet is fixed in time. In order to account for ongoing height changes between the 10 ISSM surface and the GCM surface we rely on the dynamic SMB parameterization by Edwards et al. (2014a, b) and previously applied by Goelzer et al. (2013) . This parameterization assumes that the effect of SMB trends follow a linear relationship
where SMB dyn (x, y, t) and SMB fix (x, y, t) are the SMB values with and without taking height changes into account, espectively (SMB fix (x, y, t) is equal to SMB(x, y, t) in Eq. 3). The surface elevation changes are taken from the ISSM elevation,
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h(x, y, t) while running the simulation and a reference elevation h fix (x, y), the present-day surface provided by the BedMachine Greenland dataset (Morlighem et al., 2014) ).
In this parameterization the SMB gradient b i , is dependent of both location and sign. It can take four values and a separation is made on the location relative to 77
• N and on the sign of the SMB. This separates regions of largely different sensitivity, namely the ablation zone with a larger gradient compared to the accumulation zone, and a more sensitive ablation zone in the 
Forcing fields
For the different GCMs used we compute ice-surface temperature differences between 2100 and 2000 as a multi-year mean over five years do reduce the high inter-annual variability. Figure 3 
C and +1
• C is only reached in 2100 in the North. By 2300 the entire ice sheet experiences warming; however this 10 warming is quite moderate compared to the other two GCMs. The low magnitude of warming compared to global warming let us infer that the mechanisms of polar amplification is not well represented in MIROC5. Concluding, we find the most plausible distribution of surface warming to be those produced by HadGEM2-ES and MIROC5, while only HadGEM2-ES also reaching a plausible magnitude of warming. IPSL-CM5A-LR is spatially and temporally experiencing the greatest warming; however, the distribution does not appear particularly plausible. in the high accumulation are in the east, while the North is experiencing less accumulation than in the 25 21st century. The most astonishing result is the ∆SMB pattern in MIROC5. Increasing SMB along the western and southern margins in contrast to decreasing SMB in the southwest. ∆SMB is be far less in the period 2300-2100, however, the pattern remains. Similar to changes in temperature, we find HadGEM2-ES to be a GCM with most plausible patterns in ∆SMB. A distinct pattern for all GCMs is a pronounced reduction in SMB at the grounding zone of 79
• N Glacier and increasing SMB over many glacier valleys in the Southwest and Northeast.
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Beside the pattern of the surface mass balance, the magnitude of the mean SMB over Greenland is a quantity of interest.
Therefore, we present a time series of SMB as a five year running mean which is computed as mean over the present day ice covered area ( 
Mass loss
To convert the simulated volume above floatation into the total amount of global sea level equivalent (SLE) we assume an ocean area of about 3.618×10 Tedesco, M., Mote, T., Fettweis, X., Hanna, E., Jeyaratnam, J., Booth, J. F., Datta, R., and Briggs, K.: Arctic cut-off high drives the poleward shift of a new Greenland melting record, Nature Communications, 7, 11 723 EP -, http://dx.doi.org/10.1038/ncomms11723, 2016.
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